This work demonstrates the use of imidazolium-based poly(ionic liquid)s (PILs) as efficient dispersants of multi-walled carbon nanotubes (MWCNTs). With these polymeric dispersants, highly stable fine dispersions of MWCNTs (inks) can be easily prepared in aqueous media and applied for rather simple but efficient surface modification of screen-printed electrodes (SPEs). Such a modification of SPEs remarkably increases the electroactive surface area and accelerates the electron transfer rate due to synergistic combination of specific features of MWCNTs such as strong adsorptive property and high specific surface with the advantages of PILs like ion conductivity and dispersability. We further show that the PIL/MWCNT-modified SPEs can be beneficially utilized for direct electrochemical analysis of double stranded DNA (dsDNA). Specifically, it is exemplified by the direct electrooxidation of guanine and adenine bases in salmon testes dsDNA chosen as a model system. The linear ranges for the 2 determination of dsDNA correspond to 5-500 µg/mL for the oxidative peak of guanine and 0.5-50 µg/mL for the oxidative peak of adenine. This makes direct electrochemical dsDNA detection with the use of the easy-preparable PIL/MWCNT-modified SPEs strongly competing to currently applied spectral and fluorescent techniques. Furthermore, we show that the developed constructs are capable of sensing a single point mutation in the 12-bases single-stranded DNA fragments. Such detection is of high clinical significance in choosing an adequate anticancer treatment, where the electrochemical identification of the point mutation could offer time and cost benefits.
Introduction
Nucleotides, oligonucleotides, DNA, and RNA are known as markers of many pathological states. The presence of mutations in circulating tumor DNA (ctDNA) as well as in RNA or microRNA (miRNA) and their amount can serve as diagnostic biomarkers for various oncologic diseases, predictive markers for analyzing the response to medical treatment, and/or as markers of disease progression [1] . Thereby, alteration of DNA length (DNA fragmentation) is one of the accepted markers of programmed cell death (apoptosis) [2] [3] [4] . In that regard, the analysis of modified heterocyclic bases (e.g. methylation profiles) is prominent for epigenetic studies [5] as well as for the detection of point mutations [6] . Actively developing gene editing technologies are promising for applied medicine from the viewpoint of genome correction [7] . In the context of the important functional role of nucleic acids as well as both their natural and modified components, different analytical techniques, e.g., highperformance liquid chromatography, capillary electrophoresis, laser-induced fluorescence detection, chemoluminescence, gas chromatography, or mass-spectrometry are actively developing nowadays [8, 9] .
The analysis using polymerase chain reaction (PCR) is the most highly-demanded method to reveal nucleotide sequences in DNA, while amplification allows for the detection of traces [10] . At the same time, PCR-based diagnostics are time-consuming and laborious, also requiring expensive reagents and equipment. New methods for analytical quantification of DNA and/or miRNA in biological samples are highly required, as concentrations of the nucleic acids can be used as a marker of pathological states.
However, these concentrations are often either not known or only the extrapolated values coming from the PCR assay can be obtained. Absorbance and fluorescence (based on the Quant-iT TM reagent) techniques allow for calculating the total content of nucleotide material in the sample without selective identification of individual heterocyclic bases [11, 12] .Yet still it is so far impossible to analyze mononucleotide substitutions (single nucleotide polymorphism) by these approaches [13] .
Electroanalysis of heterocyclic bases, nucleotides, DNA and RNA (direct electrochemistry of DNA bases) is based on the appearance of individual oxidative peaks of purines: guanine (G) and adenine (A) (typically at < 1.0 V potentials) and pyrimidines: cytosine (C) and thymine (T) (at higher positive potentials), following a pH-dependent mechanism of electrooxidation [14] . For heterocyclic bases taken at equal concentrations, however, the currents corresponding to electrooxidation of pyrimidines (T and C) are lower compared to the ones for electrooxidation of purines (A and G) [8] .
Moreover, the oxidation of pyrimidines T and C occurs at high positive potentials (typically higher than +1.2 V) [14] . Both these points make electrochemical detection of pyrimidines with disposable screenprinted electrodes (SPEs) rather challenging as SPEs have a limited potential window applied for measurements. At the same time, such electrodes are being widely used for experiments with biological samples (plasma, blood serum, whole blood, urine, saliva, tissues, cells, etc.) [15] . Consequently, the electrochemical detection of oxidative changes occurring in DNA centers around mainly on the appearance of purine base oxidation peaks. Quantitative detection of purines А and G also allows for evaluating the number of pyrimidines as А = Т and G = C, according to the Chargaff's rule.
There are some additional unbiased difficulties in quantitative electrochemical DNA assay. It worth noting that an electrochemical signal coming from dsDNA was lower than that of ssDNA of the same size because of less number of A-and G-residues accessible for the electrooxidation in rigid dsDNA than flexible ssDNA. From this viewpoint, the electrochemical assay of ssDNA is expected to be more sensitive. Nevertheless, direct electrochemical detection of native dsDNA could be more informative from biomedical point of view as it allows avoiding additional sample treatment (thermal denaturation for dsDNA, dsDNA  ssDNA transition [16] or, if necessary, a complete hydrolysis of dsDNA to heterocyclic nucleobases under harsh conditions [8] ) that can lead to distortion of results and incorrect DNA analysis [12, 17] . Hence, the premodification of electrodes has primary importance for dsDNA detection and quantification.
To enhance electroanalysis sensitivity, chemical modification of working electrodes with nanostructured carbon materials such as carbon nanotubes (CNTs) and, in particular, multi-walled CNTs (MWCNTs), graphene, ordered mesoporous carbon, or carbon nanofibers, is widely used [17] [18] [19] . Besides, commercial availability MWCNTs imparts the modified electrodes a number of beneficial properties, e.g., increased surface area, improved conductivity, and an expanded potential window.
Drop-casting seems to be the most simple and easiest way of electrode surface modification by CNTs. For uniform coverage of a working electrode, a highly homogeneous dispersion of MWCNTs with good conductivity and without (or at least minimal) structural damage is required. This is, however, rather challenging because of poor dispersability of such carbon nanomaterials in most typical solvents.
Highly destructive MWCNT functionalization via harsh oxidation in the concentrated mixture of nitric and sulfuric acids is nowadays replaced by more safe and soft ultrasound treatment either in water or in organic solvents (dimethylformamide, acetone, isopropanol, ethanol, toluene, N-methyl-2-pyrrolidone, cyclodextrines). Quite often, surfactants and polymers (sodium dodecylsulfate, Nafion, chitosan) are also used to improve the dispersability of MWCNTs and to enhance colloidal stability of their dispersions [20] .
Ionic liquids (ILs), also well-known as green electrolytes and solvents, possess a number of valuable properties such as negligible vapor pressure, high ionic conductivity, physicochemical and thermal stability, ion-exchange properties, and catalytic activity. The application of ILs is widely explored in electrochemistry due to their broad electrochemical window and high ionic conductivity as well as the ability to couple with carbon materials to produce IL-carbon nanomaterial hybrids [21, 22] .
Electroanalysis of DNA and/or heterocyclic bases has also been reported for electrodes prepared from mixtures of carbon nanomaterial (graphite powder, graphene, or CNTs) with ILs [23] [24] [25] [26] [27] .
Imidazolium-based poly(ionic liquid)s (PILs) represent an even more innovative approach to obtain carbon nanomaterial composites [28] [29] [30] due to π-cation interactions between the imidazolium ring and the surface of the carbon nanomaterials [31] . Apart from dispersing, the PIL/CNT nanocomposites can be prepared by an alternative synthetic procedure consisting of initially dispersing CNTs in an IL, followed by bulk polymerization of the latter [32] . A similar strategy was used for the synthesis of PIL/CNT hydrogels and organogels [33] . Polymerization of imidazolium-based ILs on MWCNT surfaces also produces a highly homogeneous suspension of CNTs with good conductivity that is beneficial for the fabrication of electrochemical sensors [34] .
A number of biosensors were reported, that used PILs as a polymeric matrix for glucose oxidase [35, 36] or hemoglobin [37] immobilization or to produce PIL-based nanocomposite electrodes with PIL-wrapped CNTs, Pt nanoparticles, or graphene [38] [39] [40] . Another PIL-based support for ultrafine Pt nanoparticles was described for non-enzymatic hydrogen peroxide detection [41] . However, the use of PILs itself or dispersions of PIL-stabilized carbon nanomaterials for direct electrochemical analysis of dsDNA has not been reported yet.
We highlight herein the preparation of long-term stable colloidal dispersions of MWCNTs by imidazolium-based cationic PILs: poly(1-ethyl-3-vinylimidazolium bromide) and poly(1-butyl-3-vinylimidazolium bromide). Hence, the poly(ionic liquid)s are a key component of the nanocomposite coatings, with the polymer acting as a polymeric binder of the carbon nanomaterial. The following easy modification of SPEs with PIL/MWCNT nanocomposite inks results in rather easy preparable and universal sensor surface which advances we demonstrate for direct electrochemical analysis of dsDNA.
Materials
Poly(1-ethyl-3-vinylimidazolium bromide) (PIL-Et) and poly(1-butyl-3-vinylimidazolium bromide) (PIL-But) were synthesized similar to the method described in [42] . Briefly, using IL-Et as an example:
10.38 g of IL-Et (50.8 mmol), 30 mg of AIBN (0.183 mmol), 70 mL of ethanol were loaded into a 250 mL reactor. The mixture was deoxygenated 3 times by a freeze-pump-thaw procedure. The reactor was then refilled with nitrogen and placed in an oil bath at 70 °C for 24 hours. The mixture was then exhaustively dialyzed against water for 3 days and freeze-dried from water. Oligonucleotides, 5'-AAACCCGCCCGG-3 and 5'-AAACCCGACCGG-3, were synthesized by Eurogene Co. (Russia). Phosphate buffer solutions with NaCl (100 mM potassium phosphate with 50 mM NaCl) with specified pHs were prepared by mixing stock solutions of 100 mM KH2PO4/50 mM NaCl and 100 mM K2HPO4/50 mM NaCl to the desired pH-value. All other chemicals were of analytical grade and were used without further purification. All aqueous solutions were prepared using Milli-Q water (18.2 MΩ cm) purified with a Milli-Q water purification system by Millipore.
Methods
Dispersing of Carbon Nanomaterials. An aqueous solution of each of the PILs (PIL-Et or PIL-But) was prepared in a concentration of 3 g/L. Then, a portion of MWCNT1 or MWCNT2 was added to the aqueous solution of the corresponding PIL in such a way that each 1 mL of the PIL solution contains 1 mg of the carbon nanomaterial. Such prepared mixtures were treated in Ultrasound Desintegrator SONOPULS HD 4100, 100W at 20% power in pulse regime.
Preparation of Electrochemical Sensors. Three-pronged screen-printed electrodes (SPEs) purchased from Color Electronics (Russia, http://www.colorel.ru) were used for the electrode preparation. They consist of a round graphite working electrode (2 mm in diameter) surrounded by a graphite ringed auxiliary counter-electrode and an Ag/AgCl reference electrode. For the preparation of modified electrodes, 2 µL of the corresponding MWCNT dispersion in a PIL was dropped onto the working electrode and incubated for 15 min at 37 °C until complete drying. For further incorporation of the analyte (GTP or dsDNA), 2 µL of the solution with a specified concentration in 100 mM potassium phosphate with 50 mM NaCl (pH 7.4) were dropped onto a 2 mm area of the freshly prepared modified electrode and incubated for 15 min at 37 °C until complete drying. Such prepared modified SPEs were stored refrigerated at +4 °C until measurement on the same day.
Scanning Electron Microscopy (SEM). SEM was performed with a Sigma VP Field Emission
Scanning Electron Microscope (Carl-Zeiss AG, Germany) operating at 5 to 10 kV using an InLens detector. Previously, the samples were coated with gold (5 nm) using a SCD005 sputtering device BAL-TEC (Balzers, Liechtenstein). For the cross-section view, two small opposite cuts were done in the edges of SPE close to working electrode area with a help of scissors. Then, SPEs were frozen in liquid nitrogen, broken and the working electrode region was peeled off from polymeric support with the help of a pincer. The peeled off pieces were subjects for cross-view analysis. The SEM micrographs in Supporting Information were obtained using a Hitachi S-5500 Scanning Electron Microscope operating at 25 kV.
Transmission Electron Microscopy (TEM).
For TEM measurements, copper grids were rendered hydrophilic by Ar plasma cleaning for 2 min (Diener Electronics). 10 µL of the respective sample solution were applied onto the grid and excess sample was blotted with a filter paper. TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k × 4k Eagle HS CCD and a 1k × 1k
Olympus MegaView camera for overview images.
Electrochemical Measurements. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed using an Autolab PGSTAT12 potentiostat/galvanostat (Metrohm Autolab, the Netherlands) equipped with the GPES software (version 4.9.7). All electrochemical experiments were carried out at room temperature in 100 mM potassium phosphate with 50 mM NaCl of pH 7.4. CV experiments were carried out in a 1 mL electrochemical cell by potential sweeping from an initial potential of -300 mV to an end-point potential of +800 mV at different scan rates in a range of 10-100 mV/s. DPV experiments were carried out in a 60 L drop applied onto the SPE to cover all the three electrodes. The following experimental DPV parameters were used: potential range of 0.2-1. 
Preparation and Characterization of PIL/MWCNT Dispersions
From a macroscopic point of view, MWCNTs represent powders that are hardly wettable by water and most organic solvents. This makes them difficult to be handled for the modification of electrode surfaces in general and dispersing of MWCNTs in a suitable solvent (the most preferable is water) is a challenging task. To overcome this problem, we employed PIL-Et and PIL-But (Figure 1) as stabilizers. In spite of being permanent and strong polyelectrolytes, PILs are known to be soluble in many types of organic solvents with different polarity [28] . In general, PILs can adopt physical properties across a large spectrum. Hence, we reasonably suppose that their unique properties make them rather good dispersants for carbon nanomaterials such as MWCNTs. Moreover, we expect that the macromolecular structure of PILs can provide integrity of a MWCNT layer upon the electrode modification, with PIL acting as a binder.
Two different types of commercial MWCNTs were tested, i.e., MWCNT1 with an outer diameter of 10-15 nm, an inner diameter of 2-6 nm, and a length of 0.1-10 m and MWCNT2 with a mean outer diameter of 9.5 nm and a length of 1 m. It is remarkable that the simple mixing of pristine The quality of the prepared PIL/MWCNT dispersions was further evaluated by TEM ( Figure   3 ). From TEM images, one can see a dominant presence of individual MWCNTs, although one cannot solidly confirm the presence of a wrapping layer at the MWCNT surface, while others report the presence of a very thin layer of PIL wrapped SWCNTs, with a thickness the PIL layer of several nanometers [43] . The agglomerates (albeit non-precipitating) are also observable for dispersions of MWCNT1 (the sample with the increased MWCNT length) in aqueous solutions of PILs. The dispersions of shorter MWCNT2 look more homogeneous. It seems to be that the length of MWCNT is an important factor determining their dispersability.
To get an impression how the prepared PIL/MWCNT nanocomposites are distributed across the electrode surface, we drop-casted 2 L drops of each dispersion onto an active electrode area of SPEs. After drying, the surface morphology of the modified SPEs was examined by SEM both from the top as well as using cross-sectional analysis. The obtained SEM images demonstrate a complete coverage of the electrode surface by a condensed layer of MWCNTs as can be seen from exemplified images shown in Figure 4 
It is worth noting that similar surface modifications of SPEs with chloroform dispersions of MWCNTs1,2 led to less efficient and less homogeneous (discontinuous) coatings. In both cases, the areas were covered by large aggregates of MWCNTs and the areas of non-covered bare SPE surface can be clearly observed in the corresponding SEM images (Supporting Information, Figure S4 ) with equal probability.
Thus, we can conclude that the uniform coating of SPEs after modification using PIL/MWCNT dispersions suggests mutual compatibility between the PILs and the MWCNTs. This is expected to provide advantages for electrochemical measurements. 
Electrochemical Charaсterization of the SPEs Modified by PIL/MWCNT Dispersions
The voltammetric behavior of the modified SPEs was studied by CV of typically used Table 1 . The data given in Figure 5 and Table 1 shows that the naked SPE and the SPE modified by PILs both show poor redox peaks with the peak separation of >230 mV and low current responses (Table 1 , Supporting Information, Figures S5-S10 ).
Alternatively, a pair of well-defined reversible redox peaks with a narrow peak-to-peak separation of Furthermore, a considerable increase in the current response is found as well, thereby demonstrating enhanced electron transfer properties, an increasing mass transfer, and more reversibility for the SPEs modified by a nanocomposite based on the PIL/MWCNT dispersions. Calculated with respect to geometric electrode area of 0.0314 cm 2 .
Characterization and Quantification of Electrochemical dsDNA Assay
The sample of dsDNA of salmon tests was used as a model source of dsDNA and was directly deposited onto surfaces of the above-mentioned SPEs pre-modified by the PIL/MWCNT dispersions.
Experimentally, 2 L drops of a dsDNA solution were deposited onto the active area of the electrode, followed by 15 min incubation at +37 °C for dsDNA adsorption and then accompanied by drying of the drop. Further, DPV was employed to follow the direct electrooxidation of dsDNA and its subsequent quantification. One typical example of voltammograms obtained by DPV for the SPE/(PILEt/MWCNT1) is given in Figure 6 . In the absence of dsDNA, no obvious peak was seen during the potential scan. After the addition of dsDNA, two concentration-dependent irreversible oxidation peaks appear at about +0.6 V and +0.9 V. This corresponds to the known pH-dependent mechanism of electrochemical oxidation of G-and A-residues, which are present in dsDNA [8] . The rather large potential gap of 0.3 V between these peaks points out that the electrochemical responses of G-and Aresidues do not interfere. The known oxidation mechanism of DNA involves the irreversible oxidation of such residues according to the scheme shown in Figure 6 [14] .
The DPV responses for 3 mg/mL dsDNA were determined and compared for all kinds of the modified SPEs ( Table 2 ). As one can see, a naked SPE or the SPEs modified by PILs only show one rather weak peak at about +950 mV corresponding to the oxidation of A-residues, with the current responses in the range of several nA. Alternatively, a huge increase in the DPV response was found for all the SPE modifications with the PIL/MWCNT dispersions, resulting in two well-defined oxidative peaks of both G-and A-residues. The comparison of the data presented in Table 2 The efficiency of the dsDNA adsorption onto the electrode surface directly influences the overall performance of the electrochemical detection of dsDNA. A pre-concentration of dsDNA at the electrode surface via electrostimulation of its adsorption could result in an improved sensitivity of the DNA assay. The factors that have a direct influence on the dsDNA adsorption onto the SPEs are the accumulation potential and the time of accumulation. Hence, both these factors were studied and optimized using DPV, following the oxidative peak of GTP (Supporting Information, Figures S11, S12). Therefore, the accumulation potential of +400 mV vs. Ag/AgCl and the accumulation time of 5 min were selected as the optimum accumulation parameters, thus resulting in a further 2.5-3 fold increase in the dsDNA responses.
Under optimized conditions, we examined oxidative peak currents IG and IA with regard to the concentration of a dsDNA solution deposited onto the SPE/(PIL-But/MWCNT 2 /) constructs. The changes of IG and IA against the dsDNA concentration are shown in Figure 7 , with the initial linear parts of the calibration curves being given in the corresponding insets. The analytical parameters that were extracted from the corresponding calibration curves, like linearity, sensitivity, detection limit, are summarized in Table 3 . The relative standard deviation (SD) was assessed for at least three measurements (n ≥ 3) at each concentration level and was found to be within 5%. This demonstrates that the quantification of dsDNA with the SPE/(PIL-But/MWCNT 2 ) constructs is reproducible. Thus, a rather wide concentration range of 0.5-500 µg/mL is accessible for the quantitative dsDNA detection using our herein described SPE/(PIL-But/MWCNT 2 ) constructs. This makes the dsDNA DPV detection using such constructs a strong alternative to currently applied spectral and fluorescent techniques. [dsDNA] is a concentration of dsDNA solution in mg/mL that was deposited onto the electrode active area.
As the oxidative peak heights are proportional to the content of the corresponding A-or Gresidues in the nucleotide chain, the direct electrooxidation can be used for the detection of point mutations or so-called single nucleotide polymorphism in short DNA fragments (oligonucleotides). To demonstrate this, a pair of oligonucleotides was used, which differs only in one nucleotide residue:
Oligonucleotide 2: 5'-AAACCCGCCCGG-3'.
The oligonucleotide sequence and the position of the mutation were specifically synthesized as full analogues of the growth factor receptor (EGFR) 21 fragment. Non-small cell lung carcinoma is associated with the epidermal growth factor receptor (EGFR) exon 21 L858R and, as known, the disease has a rather poor prognosis [6] . The exon 21 L858R detection has high clinical significance in choosing adequate treatment, where the electrochemical identification of such a point mutation could be rather
useful. Figure 8 clearly shows a difference in IA-values found for these oligonucleotides: the oxidative current for A-residues was found to be about 5 µA and 3 µA for oligonucleotide 1 and 2, respectively, due to the different content of A-residues, while the oxidative current for G-residues was similar for both oligonucleotides indicating no difference in the G-residues content. With this experiment, thus, we demonstrate a potential ability of the developed SPE/(PIL-But/MWCNT 2 ) construct for the future detection of point mutations in short DNA fragments. 
Conclusion
In this work, highly stable fine dispersions of MWCNTs in aqueous solutions of imidazoliumbased PILs, poly(1-ethyl-3-vinylimidazolium bromide) and poly(1-butyl-3-vinylimidazolium bromide), were prepared and characterized. The modification of SPEs with well-defined PIL-based aqueous dispersions of the MWCNTs was found to remarkably accelerate the electron transfer rate, to increase the electroactive surface area, and to impart high conductivity to the naked (bare) SPE. The PIL/MWCNT-modified SPEs were for the first time utilized for examining the direct electrooxidation of G-and A-bases in salmon testes dsDNA used as a model system. Two well-defined irreversible oxidation peaks corresponding to the oxidation of G-and A-residues were taken for the quantitative detection of dsDNA after its direct adsorption on the surface of the modified SPEs.
We assume that the specific characteristics of MWCNTs, such as strong adsorptive property and high specific surface area, combined with the advantages of PILs, such as high dispersing power, contribute to the efficient adsorption of dsDNA onto the SPE and therefore to sensitivity of the dsDNA assay. Such a synergistic effect of MWCNTs combined with an ionic amphiphilic (micelle-forming) diblock copolymer was already reported by us previously with respect to the quantitative electrochemical detection of myoglobin [45] . The herein described easy-preparable PIL/MWCNT-modified SPEs compared to other electrochemical setups intended for the dsDNA quantification exhibit a similar or better sensitivity for the electrochemical oxidation of dsDNA [26, 46] . The linear ranges for the determination of dsDNA correspond to 5-500 µg/mL (for G) and 0.5-50 µg/mL (for A). In addition, we demonstrate that the developed PIL/MWCNT-modified SPEs are able to sense a point mutation in the 12-bases single-stranded DNA fragments. Such detection is of high clinical significance in choosing an adequate anticancer treatment, where the electrochemical identification of the point mutation could offer time and cost benefits. We are sure that our strategy can be readily applied for the development of convenient and robust biosensors for numerous practical applications. 
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